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Magnetic susceptibility measurements for Sr,CuO;4 s were made from 2 to 800 K, and a strong depen-
dence upon oxygen content (8) was observed. Samples synthesized under oxygen, followed by various
nitrogen treatments, exhibited markedly different Curie-Weiss-type terms, and we discuss possible ori-
gins for this behavior. High-temperature magnetic susceptibility measurements for the sample with the
smallest Curie-Weiss-type term clearly show the increase with temperature expected from the Bonner-
Fisher model for a spin-% one-dimensional (1D) Heisenberg antiferromagnet. This is a direct experimen-
tal observation of 1D magnetic behavior in this system. The in-chain superexchange coupling constant,
as determined by a fit to the Bonner-Fisher model, is |J| /kz ~1300%13 K, comparable to the values ob-
served in the two-dimensional layered cuprates. Estimates of the interchain magnetic interaction indi-
cate this material may be the best realization of a 1D spin-% Heisenberg antiferromagnet reported to
date. Low-temperature neutron and synchrotron x-ray powder-diffraction studies of Sr,CuO; show that
the low-temperature structure of this system has Immm space-group symmetry, the same structure re-
ported at room temperature, indicating that this material, in contrast to La,CuO,, does not undergo any
structural transformations upon cooling. The absence of crystallographic distortions precludes a mag-
netic anisotropy contribution from a Dzyaloshinsky-Moriya interaction, implying that Sr,CuOj; should
be a nearly ideal spin-% antiferromagnetic Heisenberg chain compound, in agreement with the magnetic
susceptibility results. A search for the presence of long-range three-dimensional antiferromagnetic order
by magnetic neutron powder diffraction at temperatures as low as 1.5 K was not successful, although we
estimate an upper limit for the size of the ordered moment which could have been detected to be
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~0.1up per Cu®” ion.

INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity, many studies have been performed both to search
for new superconductors and elucidate the mechanism
underlying the high transition temperatures (7,). At this
time, all known systems with T,>40 K possess two-
dimensional CuO, sheets, which are generally agreed to
play the active role in superconductivity. On the other
hand, it has recently been reported! that Sr,CuO;, ;5 ex-
hibits high-temperature superconductivity for appropri-
ate values of §. The parent insulating phase for these su-
perconductors, Sr,CuQj, has a crystal structure? in which
one-dimensional Cu-O chains, similar to those in
YBa,Cu;0-, lie parallel to the a axis (Fig. 1). Although
no one has reported superconductivity in materials that
only have Cu-O one-dimensional chains, the observation
of superconductivity in these materials raises important
questions concerning the minimum magnetic and elec-
tronic dimensionalities, which will support high 7. Fur-
thermore, since the insulating parents of all other known
high-T, cuprate superconductors are two-dimensional
spin-1 Heisenberg antiferromagnets,’ it is important to
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understand the magnetism in this one-dimensional system
as a prerequisite to determining its evolution as the sys-
tem is doped into the metallic and superconducting state.
Toward that end, we have studied the static magnetic
properties of this material, and we observe direct evi-
dence of Bonner-Fisher-type behavior, indicating that
Sr,CuO; is a nearly ideal one-dimensional (1D) spin-+
Heisenberg antiferromagnet.

EXPERIMENT

Sr,CuO; was prepared by conventional solid-state reac-
tions. Stoichiometric quantities of SrCO; and CuO were
mixed and then calcined at 950°C under flowing oxygen
(~1 I/min) for a total of 24 h with one intermediate
grinding. The calcined powders were pulverized, pellet-
ized, and sintered under the same conditions. Some sam-
ples were subjected to nitrogen treatment. Pellets were
placed on an alumina boat and heated to between 400 and
1000°C under flowing nitrogen (~ 1 1/min) for 12 h. The
decomposition temperature for this system is about 900°C
under the nitrogen atmosphere we employed. This nitro-
gen gas is obtained from liquid-nitrogen boiloff and has a

5994 ©1995 The American Physical Society



51 MAGNETIC SUSCEPTIBILITY AND LOW-TEMPERATURE. .. 5995

@sr e Cu 00

FIG. 1. The crystal structure of Sr,CuQO;. The Cu-O chains
are parallel to the a axis. The apical oxygen is O(1) and the in-
chain oxygen is O(2) in Table II.

small residual oxygen partial pressure. We expect that
the decomposition temperature of Sr,CuO; would de-
crease below 900°C if the oxygen partial pressure were
further reduced and, in fact, samples heated above about
520°C in 6-Torr He do decompose. The oxygen contents
of the samples were determined iodometrically.

Powder x-ray-diffraction data for initial characteriza-
tion were obtained with a Scintag diffractometer using
CuK a radiation at ambient temperature. Magnetic sus-
ceptibilities below 300 K were measured using a super-
conducting quantum interference device (SQUID)
magnetometer (Quantum Design), whereas the high-
temperature susceptibility (to 800 K) was measured using
an Oxford Instruments Faraday balance. The contribu-
tion of ferromagnetic impurities to the measured magne-
tization was determined from magnetization-field iso-
therms between 25 and 750 K and was found to corre-
spond to that of 2 at. ppm or less, with respect to Cu, of
ferromagnetic iron metal impurities; this contribution is
corrected for in Fig. 3 below. The magnetic measure-
ments from the SQUID and the Faraday magnetometers
were in good agreement below 300 K.

Low-temperature neutron powder-diffraction studies
were carried out at 11 K using the BT-4 triple-axis spec-
trometer at the reactor facility of the National Institute
of Standards and Technology. The collimation was 20’-
40'-10', and the neutron wavelength (1.540 A) was
chosen by a Cu (220) monochromator. The sample was
mounted in an Al sample container containing He ex-
change gas. Low-temperature synchrotron x-ray

powder-diffraction’® data were collected at 12 K at beam-
line X-7A at the National Synchrotron Light Source at
Brookhaven National Laboratory.

RESULTS

Magnetic susceptibility

There have been several previous studies® 8 of the
magnetic susceptibility of Sr,CuOj;, but none of these
studies observed clear evidence for Bonner-Fisher*
behavior, and therefore accurate values of J, the Cu?*-
Cu?" nearest-neighbor superexchange coupling constant,
were not determined. Furthermore, no systematic at-
tempt was made in these earlier studies to account for the
possible effect of oxygen nonstoichiometry on the mag-
netic susceptibilities. To address these problems, we have
made magnetic susceptibility measurements over a wide
range of temperatures on samples that have undergone
various annealing treatments and therefore have slightly
different oxygen contents (Table I). The susceptibility is
strongly affected by such treatments. Figure 2 shows the
temperature dependencies below 300 K of the magnetic
susceptibilities of samples before and after annealing un-
der a N, or a 6-Torr He atmosphere. The diamagnetic
terms originating in the closed shells of the ions have
been subtracted. (Y4, = —77X107% cm®/mole). Plot (a)
shows the susceptibility for an as-made sample before ni-
trogen treatment. As can be seen from this figure, treat-
ment under a reducing atmosphere decreases the suscep-
tibility, especially the Curie-type component. Thus it is
natural to associate the magnitude of this Curie-type
term with the presence of excess oxygen in the lattice.
(This point will be discussed further below.) In this pic-
ture, the as-made sample (a) contains some excess
oxygen-ion defects, whereas nitrogen annealing reduces
the number of such defects and consequently suppresses
the Curie-Weiss-like behavior at low temperatures. Fur-
thermore, Fig. 2 shows the susceptibility for a sample
that was kept at 600 K under 6-Torr He overnight and
then measured without being removed from the He atmo-
sphere. This sample shows a much smaller Curie-Weiss-
type term compared with the other samples, presumably
due to loss of almost all the excess oxygen after the over-
night anneal. Since samples annealed in N,, but then ex-
posed to air before the magnetic measurements were

TABLE 1. Parameters for Sr,CuO;,s derived from
iodometric titrations and magnetic refinements assuming that
g=2.1, |J|/ky=1307 K.

Spin-—;—

Oxygen impurity Van Vleck
Samples content level 0 susceptibility
(conditions) (8) (%) (K) (cm3/mole)
(a) 950°C in O, 0.02(2) 0.363 —1.09 2.87X107°
(b) 600°C in N, 0.01(1) 0.287 —0.83 2.91Xx107°
(c) 800°C in N, —0.01(1) 0.227 —0.86 2.63X107°
(d) 327°C in No data 0.114 —7.81 2.28X107°

6-Torr He
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FIG. 2. The temperature (T) dependencies of the magnetic
susceptibility () for samples before and after annealing under
atmospheres of nitrogen or 6-Torr He. The diamagnetic core
contributions (Yg4,) have been subtracted. The measurement
magnetic field was 1.0 T.

made, have larger Curie-Weiss-type terms, we suggest
that this material absorbs oxygen from air at room tem-
perature fairly quickly, and that considerable care must
be taken if one wishes to measure properties for the
stoichiometric system.

Figure 3 shows the susceptibility versus temperature
from 10 to 800 K for the sample annealed at 327°C (600
K) under 6-Torr He and then measured in the same at-
mosphere. Between 25 and 750 K the susceptibility was
found to be independent of applied magnetic field H up to
H=17.0T (after correction for the influence of ferromag-
netic impurities; see above). The enhancement of the sus-
ceptibility at low temperature presumably originates
from a residual Curie-Weiss-like component, as men-
tioned above, but the gradual increase of the susceptibili-
ty with increasing temperature in the high-temperature
region is not Curie-Weiss-like, but rather is similar to a
Bonner-Fisher-type susceptibility,* as our fit to the data
described below demonstrates.
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FIG. 3. The magnetic susceptibility (Y — X4.) Vs temperature
up to 800 K for the sample measured under 6-Torr helium. The
experimental data are represented by open circles, while the
theoretical curves described in the text are shown by dotted
lines.
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Synchrotron- and neutron-diffraction studies

The crystal structure of Sr,CuO; at room temperature
was first determined by single-crystal x-ray diffraction.?
Powder neutron’ and x-ray-diffraction!® data at room
temperature have also been reported. All of these studies
assigned the orthorhombic Immm space group to
Sr,CuO;. We utilized neutron and synchrotron x-ray
powder diffraction at low temperatures in order to search
for any evidence of structural phase transitions or distor-
tions, which would further lower the symmetry and, for
example, contribute to the magnetic anisotropy by allow-
ing a Dzyaloshinsky-Moriya (DM) interaction'! to occur.
It is known that the leading-order magnetic anisotropy in
several of the cuprates, for example, La,CuO,, arises
from the DM interaction.

Structural information determined by Rietveld
refinement'? of neutron-diffraction data (Fig. 4) obtained
at 11 K are shown in Table II. Aluminum reflections
from the sample container used were excluded from the
refinement. No superlattice peaks, which would indicate
lattice distortion, were observed. High-resolution syn-
chrotron x-ray-diffraction data (Fig. 5) at 12 K yielded a
similar conclusion. These results show that there are no
structural transformations in Sr,CuO; between room
temperature and 11-12 K.

We also note that recent muon spin rotation data® have
been interpreted as offering evidence for three-
dimensional magnetic ordering in Sr,CuO; (synthesized
in air) with a Néel temperature of 5 K. Since we ob-
served no magnetic neutron powder diffraction at 1.5 K
for a similar sample prepared in air, we conclude either
that the Néel temperatures are different for these two
samples, that only short-range magnetic ordering occurs,
or that the ordered moment is simply too small to be ob-
served by neutron powder diffraction. In fact, we have
estimated an upper limit for the magnitude of the Cu®*
magnetic moment, which would have been observable in
our neutron-diffraction measurements, if these moments
exhibited long-range 3D antiferromagnetic order charac-
terized by an antiferromagnetic propagation vector and
spin direction similar to those observed for other
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FIG. 4. Powder neutron-diffraction data collected at 11 K.
The results of Rietveld refinement are superimposed on the raw
data. The vertical tick marks indicate the expected location of
diffraction peaks. The fit residuals are plotted at the bottom of
the figure. The neutron wavelength was 1.5401 A.
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TABLE II. Low-temperature crystallographic data for Sr,CuO; determined by Rietveld refinement

of neutron-diffraction data obtained at 11 K.

Space group: Immm; Lattice constants: a=23.9089(2) A

b=3.4940(2) A
c=12.6910(7) A
¥=173.33(3) A’

Position
Atom (site symmetry) x z Usieo (A% Occupancy
Sr 4i 0 0.35195(9) 0.006(4) 0.980(4)
(mm?2)
Cu 2a 0 0 0.001(5) 0.990(6)
(mmm)
o(1) 4i 0 0.15445(11)  0.0027(5) 1.000(5)
(mm?2)
022 2b 0.5 0 0.0021(8) 0.993(8)
(mmm)
R,(%)=6.03 R,,(%)=8.91 R.(%)=6.84 R;(%)=2.04 x=1.303
Selected bond distances (A) for Sr,CuO; at 11 K
Cu-O(1) 1.9601(15) A
Cu-0(2) 1.9545(1) A
Sr-O(1) 2.5065(27) A

K,NiF,-type oxides such as La,CuO, (Ref. 13), La,NiO,
(Ref. 14), or Ca,MnO, (Ref. 15). For example, if the anti-
ferromagnetic ordering was such that the (,1,1) were an
allowed magnetic Bragg reflection, then an ordered mo-
ment >0.1 pp would have yielded an observable peak in-
tensity. The same is approximately true for other mag-
netic peaks with (hkl) values corresponding to
0.7A""'0=<20 A~!. Thus, our sample either did not
exhibit long-range magnetic order, or the size of the or-
dered moment is less than 0.1 pgz. The latter situation
could arise due to strong renormalization of the ordered
moment as a result of quantum fluctuations. Quantum
fluctuations are generally more important in 1D than in
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FIG. 5. Synchrotron x-ray-diffraction data collected at 12 K.
The vertical tick marks indicate the expected location of
diffraction peaks. The x-ray wavelength was 0.703 77 A.

2D magnetic systems and are particularly large for spin-1
ions such as Cu?t. Table III lists classical and observed
values for the ordered moments for several 1D antifer-
romagnets,'®”!7 clearly demonstrating the moment re-
normalization due to quantum fluctuations. It is also ob-
vious from these data that the effect of fluctuations
indeed grows as the value of the spin decreases, and
might therefore be expected to reduce the ordered mo-
ment by more than a factor of 2 in a spin-1 material such
as Sr,CuO;. Experimental resolution of this issue must

TABLE III. Renormalization of ordered magnetic moment
due to quantum fluctuations for several materials. Classical mo-
ments were calculated assuming all gyromagnetic factors g =2.
The ratios of the measured to the classical ordered moments are
listed in the second to last column.

Classical Measured
ordered ordered
Ion Compound moment (up) moment (uz) Ratio
Cu?* KCuF;* 1 0.49 0.49
(S=1/2)
Niz* CsNiCl;® 2 1.05 0.525
(S=1)
Ni2*t RbNICl;® 2 1.3 0.65
(S=1)
Mn?* CsMnBr;® 5 3.5 0.70
(S=5/2)
Mn?* RbMnBr;® 5 3.6 0.72
(S=5/2)

2Reference 16.
YReference 17.
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await systematic results for single crystals with well-
controlled oxygen contents.

DISCUSSION

The magnetic Hamiltonian, which describes a spin-}
Heisenberg chain,

H=2{J|3S;S;+1, (1)

was described previously.* In this expression, J is the
Cu?"-Cu?" intrachain superexchange coupling constant,
and the summation extends over pairs of nearest-
neighbor spins. It is worthwhile spending a moment to
justify the use of such a model to describe the magnetic
susceptibility of Sr,CuQO;. The assumption that Sr,CuO;
is a one-dimensional magnetic system follows directly
from the structure of this material (Fig. 1). Since the
Cu?* jons are only bonded to oxygen ions along the a
direction with 180° Cu—O—Cu bonds, there will be
strong Cu?*-Cu?* antiferromagnetic superexchange in-
teractions only in this direction. The additional assump-
tion that this is a Heisenberg system is based upon the
fact that the Cu®* ion is spin 1 and thus has no single-ion
anisotropy to first order. Furthermore, the structural
studies reported here and previously”!® for Sr,CuO,
demonstrate that there is an inversion center located mid-
way between the Cu?" ions in the Cu-O chains, which
precludes the existence of a Dzyaloshinsky-Moriya (DM)
S, X8; interaction.!! In contrast, La,CuQ,, an antiferro-
magnetic insulator, which is structurally similar to
Sr,Cu0;, has a leading-order magnetic anisotropy arising
from a DM interaction, which is allowed by the rotation-
al distortion of the CuOg4 octahedra in the Bmab (ortho-
rhombic) phase.!®* We also expect that the interchain
magnetic coupling will be rather weak in this material,
partly as a result of magnetic frustration. For example,
the interlayer interchain superexchange in Sr,CuO; is ful-
ly frustrated despite the orthorhombic symmetry, again in
contrast to the situation in orthorhombic La,CuO,,
where the interlayer superexchange is not frustrated.
This is true because, considering a given Cu?* ion, the
four nearest-neighbor Cu®?" ions in the nearest-neighbor
chains in adjacent layers are equidistant in Sr,CuO;,
whereas in La,CuQO, there are two such distances. The
intralayer interchain interaction is, on the other hand,
not frustrated, but is still expected to be rather weak due
to the absence of intervening oxygen ions between adja-
cent Cu?* ions. Thus, in general, one expects Sr,CuO; to
be more Heisenberg-like than La,CuQO,, the latter never-
theless being considered one of the best examples of a
spin- 2D Heisenberg antiferromagnet.!® Therefore, we
should expect Sr,CuO; to be an excellent realization of a
1D Heisenberg antiferromagnet, and it seems very
reasonable to attempt to describe its magnetic susceptibil-
ity with the Bonner-Fisher model for a spin-J Heisenberg
antiferromagnetic chain.

In order to fit the susceptibility data shown in Fig. 3
over a wide temperature range, we assume that the ob-

served temperature-dependent magnetic susceptibility,
X(T), consists of three terms:

X( T)=Xdia+XVV+Xspin( T ’ @

where Y4, is due to the diamagnetism of the core electron
shells, xy, is the Van Vleck paramagnetism of the open
shells of the Cu*" ions, and Y,,(T) is the Cu®" spin sus-
ceptibility. In the absence of appreciable numbers of con-
duction electrons, the Pauli paramagnetism and the Lan-
dau diamagnetism should be negligible. X4, and Xy, are
assumed to be temperature independent, and the values
of Xg4in used were found in Ref. 20. Furthermore, the spin
susceptibility was separated into two parts:

Xspinl T)=p(Xcw)+(1—p)XpF 3)

where Xcw is a Curie-Weiss-like component arising from
finite length chains, which consist of an odd number of
Cu?* spins,* isolated Cu®?" spins, and/or other paramag-
netic impurities, and g is the susceptibility of an § =1
infinite isotropic Heisenberg chain (the Bonner-Fisher
susceptibility*2!). The coefficient p represents the defect
and/or impurity level. There are no analytical solutions
for the magnetic susceptibility of Heisenberg chains.*
However, a useful closed-form approximation to Ygg has
been suggested?? to be

_ Nguj
XBF= kT

0.25+0.14995x +0.30094x 2
1+1.9862x +0.68854x2+6.0626x 3

with x =|J|/kz T. The Curie-Weiss-like term is
_ Ngu3S(S+1)

Xew= "3 (T—0) (5)

Assuming that g=2.1, a typical value for cuprates,?*

and S=1, we determine the following parameters by
fitting Eq. (2) to the magnetic susceptibility data in Fig. 3
after subtracting the core diamagnetism:

p=1.14X1073 (i.e., impurity level=0.11%) ,
=—-7.81K,

|J|/kp=1307 K,

Xyvy=2.28 X103 cm3/mole .

The value of y, is comparable to that of other single
Cu-O layer cuprates.?® The fit using these parameter
values is shown superimposed on the data in Fig. 3. The
fit function has been extended to temperatures high
enough to include the broad peak in the susceptibility
arising from the appearance of short-range 1D order with
decreasing temperature. Furthermore, several curves cal-
culated assuming different values of J are plotted to give
a sense of the sensitivity of the fit to this important pa-
rameter. From these curves we estimate the value of
|J|/kg to be 1300110 K.

As mentioned previously, a Curie-Weiss-type term can
originate from several possible sources, including nearly
isolated Cu?* ions associated with oxygen defects (oxy-
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gen vacancies or excess oxygen), some other kind of lat-
tice defect, or magnetic impurities. However, an equally
plausible explanation is that the Curie-like behavior origi-
nates from Cu-O 1D chains, which are randomly ter-
minated by oxygen defects. As Bonner and Fisher have
discussed, if the resulting chains have an even number of
Cu?t spins, then the total spin on the chain in the anti-
ferromagnetically ordered state is zero at 7=0. If, how-
ever, the chains have an odd number of Cu?™ spins, then
in the antiferromagnetically ordered state the net spin on
the chain is 1. Such chains of odd length will make con-
tributions to the magnetic susceptibility, which are
Curie-Weiss-like, although both the amplitude of the sus-
ceptibility divergence and the temperature at which the
divergence occurs are depressed with increasing chain
length by Cu?*-Cu?" antiferromagnetic interactions. In
the opposite limit, “chains” that have a length of only
one Cu?* will precisely exhibit Curie-Weiss behavior. To
avoid the additional complications necessary to model
contributions to the magnetic susceptibility arising from
chains with a random distribution of lengths, we have
chosen to represent the spin susceptibility for Sr,CuO,
simply as a Curie-Weiss term plus a Bonner-Fisher term.
We thus assume that the inclusion of a Curie-Weiss term
will adequately represent the contributions from odd
length finite chains, as well as additional contributions
due to isolated Cu?' ions and/or impurities. This
simplification minimizes the number of refinement pa-
rameters, and the quality of the fit indicates it to be a
reasonable approximation.

The results of these measurements thus indicate that
Sr,CuOj; is an excellent realization of a 1D spin-1 Heisen-
berg antiferromagnet. In fact, it may be the best realiza-
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tion of such a system reported to date. In order to place
Sr,CuO; in the context of other 1D antiferromagnets,
Table IV shows parameters for several such systems,
which have appeared in the literature.!” J, and J, are
the two interchain magnetic coupling constants in or-
thogonal directions (in the b and c¢ directions in
Sr,Cu0;). For all materials'®!"2%2% other than Sr,CuO,
in Table IV we have assumed that J, =J,. We have also
calculated independent values of J, and J, for Sr,CuO;,
assuming only dipolar interchain coupling, using the ex-
pression

(3 cos’p, — 1)
J =3 B : ¢ ,

i T

(6)

where the sum is over the Cu moments y; in the same
(Jo=J,) or different (J,=J,) layers, r; is the vector
from the moment u to the moment u;, and ¢; is the angle
between r; and the a axis. For this calculation the mag-
netic structure was assumed to be the same as that re-
ported for Sr,CuO,Cl, (Ref. 27): in our case we assume
the Cn2?* spins to be either parallel or antiparallel to the
a axis. The summation in Eq. (6) included Cu?* mo-
ments within a distance r; sufficient to achieve conver-
gence.

Values of J, (=J,) in Table IV were calculated from
the following expressions?® 3° using experimental
values®!” of Ty and J:

kTy _ 45(S+1)/3
l"' 1(771,772)

where n,=J,/J, n,=J,/J, and

N

TABLE 1V. J, J,, J,, and Ty values for several linear chain antiferromagnets compared with the
values for Sr,CuO;. Note that J, and J, for Sr,CuO; are the values estimated assuming only dipolar
coupling between the Cu?" spins. For the other cases, 7; (=7,) and J, (=J,) are estimated from the
experimental Néel temperatures. The experimental value of 5 K for the Néel temperature of Sr,CuO;
was taken from Ref. 8 (other data from Refs. 16 or 17 unless otherwise noted); the much smaller value
of 0.028 K is estimated from expressions (7)—(9) given in the text assuming that the only source of inter-
chain coupling (J, and J,) is the magnetic dipole interaction given by Eq. (6).

Ty K) J(K) S (spin) I (55,72) M M Ji K) T K)
Sr,Cu0; 0.028* 1307 172 4.7%10* 2.8X1075 5.1X1077 0036 6.6X107*
sb 1307 172 260 6.06X107¢ 7.88X 1073
TMMC® 0.84 65 5/2 90.3 5.03X107° 3.27X107*
RbMnBr,¢ 8.8 12 512 15.9 1.62X107* 1.94X 1072
CsMnBr,¢ 8.3 96 5/2 13.5 2.25X1073 2.16X 1072
CuClL-2NC;Hs 1.7 13 172 7.65 7.00% 1073 9.10X 1072
CsNiCl, 4.5 11 1.0 6.52 9.64X1073 0.106
KCuF; 39.8 203 172 6.40 1.4X107% 3.2¢
1.0X 107 1.90°
RbNICl, 11 11 1.0 2.67 5.76 X 102 0.634

*Value calculated assuming dipolar coupling only.

*Value quoted from Ref. 8 (uSR data).

C(CH3 )4 NMnCl;.

4J, Ty, and S from Ref. 25.

*Estimated from Egs. (7) and (9).

fNeutron scattering results (from spin-wave dispersion perpendicular to chain direction) from Ref. 26.
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-1 m
T(m1,m2)= w3 fffo 7,(1—cosq, ) +1,(1—cosq, ) +(1—cosg,)

For the case, where J/J; >>1, and J,/J, 2 1, Eq. (8) can
be approximated by*°

0.64 m
I(ny,m,)=——= |14+0.2531n | — 9
e T

For J/J,; =10, we find that Eq. (9) is accurate to better
than 5%. Thus the interchain coupling energies can be
estimated using the experimental values of T and J in
Egs. (7) and (9).

The fact that we observe no evidence for 3D magnetic
order in our samples above T=2 K would be consistent
with the value of Ty =0.028 K from Eq. (7), calculated
assuming only interchain dipolar magnetic coupling
(Table IV). The much larger value of Ty =35 K reported
in Ref. 8 would thus imply that there is interchain cou-
pling, in addition to that due to the magnetic dipole in-
teraction, in Sr,CuOj; (see Table IV). Additional mea-
surements, including magnetic susceptibility, specific heat
and neutron diffraction, to temperatures lower than 2K
would be of great interest in the study of 3D magnetic or-
der in this system.

We note here that any long-range three-dimensional
antiferromagnetic structure adopted by Sr,CuO; must be
one in which the Cu?" moments order antiferromagneti-
cally within each chain; that is, a ferromagnetic intra-
chain interaction with an antiferromagnetic interchain
interaction would not be consistent with our magnetic
susceptibility data. Our low-temperature structural data
provide evidence that the magnetic properties of this ma-
terial are not influenced by complications such as
structural phase transformations or stabilization of a spin
Peierls state, as occurs in CuGeO; (Ref. 31). A number
of other spin-{ Heisenberg chains based upon Cu** have
also been reported,'®!”?* but all of these compounds
have values of J much smaller than Sr,CuO;. The value
we measure here, |J|/kp=~1300 K, is quite large and
comparable to that measured in the 2D cuprate systems.
It should be pointed out here that in the layered cuprate
literature the prefactor of the sum over nearest-neighbor
pairs in the Hamiltonian of Eq. (1) has the factor of 2
missing. Thus one should compare 2J (2600 K) for
Sr,CuOj; with J (~1500 K) in the layered cuprate litera-
ture. It is an open question why the nearest-neighbor
Cu-Cu superexchange interaction in Sr,CuO; is
significantly larger than in the antiferromagnetic layered
cuprate systems.

(8)

Finally, the evolution of the magnetic and electronic
dimensionalities in Sr,CuO; 5 as a function of § is a very
important subject for future study. Although there are
apparently several superconducting phases'**33 in this
system, their crystal structures, particularly the precise
oxygen ordering arrangements, have yet to be deter-
mined. Thus the intriguing question of how a 1D antifer-
romagnet evolves into a high-temperature superconduc-
tor in this system remains to be answered.

CONCLUSION

Magnetic susceptibility measurements for Sr,CuO; in-
dicate that this system is a nearly ideal spin-1 Heisenberg
antiferromagnetic chain with an in-chain superexchange
coupling constant of |J|/ky~130071% K. The ratio of
the interchain to intrachain magnetic coupling is smaller
than any values previously reported for one-dimensional
antiferromagnets. The crystal structure of Sr,CuO;, as
determined by neutron and synchrotron x-ray diffraction,
does not undergo any lattice distortion between room
temperature and 11 K, indicating that any magnetic an-
isotropy should be weak. The good agreement of the
magnetic susceptibility data with the predictions of the
Bonner-Fisher model for a spin-i antiferromagnetic
Heisenberg chain are consistent with this expectation.
Finally, no evidence for long-range antiferromagnetic or-
der was observed above 2 K.
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